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ENDF/B Neutron Cross-sect ion Data 
for Natural Helium 

(ENDF-125) 

by 

E. M. Pennington 

ABSTRACT 

This report descr ibes the compilation of neutron 
c ross - sec t ion data for natural helium. The elastic sca t ter ­
ing c ross section, ^ L , ^, -y, and elastic scattering Legendre 
coefficients a re included for *He. Since 'He has a natural 
abundance of mere ly 0.00013%, only its (n,p) cross section, 
which is large at low energies, is considered. A listing of 
the data in the E N D F / B format is presented, as are graphs 
of much of the data. 

I. INTRODUCTION 

Since natural helium is a possible coolant for fast breeder reac tors , 
the present helium cross -sec t ion data were compiled. The data will be 
distributed with E N D F / B identification number MAT = 1088. 

The composition of natural helium is 99.99987% *He and 0.00013% 'He. 
Because of the low abundance of He, only its (n,p) cross section, which is 
large at low energies , need be considered. Elastic scattering is the only 
possible reaction for neutrons incident on He at energies below 15 MeV. 
Thus the elast ic scattering cross section and values of ^l•,, 5, and "> are in­
cluded in the compilation, as well as elastic scattering Legendre coefficients. 
Here ^ j , is the average cosine of the angle of elastic scattering in the labora­
tory system, ^ is the average logarithmic energy decrement in an elastic 
collision, and 7, the Greuling-Goertzel parameter , is the average of the 
square of the logarithmic energy decrement divided by twice the average 
logarithmic energy decrement. Pa rame te r s for a free-gas thermal sca t te r ­
ing law are also included. 

II. DATA SOURCES AND CALCULATIONAL METHODS 

The elastic scattering cross section and Legendre expansion coeffi­
cients were calculated from s- , p - , and d-wave phase shifts using a 
FORTRAN program writ ten for the purpose. Appendix A presents the equa­
tions involved in this program. The phase shifts were read from smooth 



curves based on Table I of Ref. 1. At energies below the 300-keV lower 
limit of this table, each of the two p-wave phase shifts was obtained by using 
a functional form based on the low-energy limit for a single p-wave reso­
nance, with parameters determined from fitting the low-energy phase shifts 
of the table. Appendix B presents the equations connected with the low-
energy phase shifts, and the parameters obtained by the fitting procedure. 
The s-wave phase shift below 300 keV was calculated using hard-sphere 
scattering and a nuclear radius of a = 2.4 F. This yields a thermal sca t te r ­
ing cross section of 47râ  = 0.7238 barn, in agreement with the experimental 
value^ of 0.73 + 0.05 barn. The low-energy s-wave phase shifts of Ref. 1 a re 
consistent with a nuclear radius of about 2.48 F and so would yield a some­
what high thermal cross section. 

Table I lists the phase shifts used in the calculations at energies 
above 10 keV. 

TABLE I, Helium Phase Shifts Used in Calculations of Elastic Scattering Cross Sections and Legendre Expansion Coefficients 

E|ab. M'V 

0,02 
0,03 
0,05 
0,07 
0,10 
0,15 
0,20 
0,25 
0,30 
0,35 

0,40 
0,45 
0,50 
0,55 
0,60 
0,65 
0,70 
0,75 
0,80 
0,85 

0,90 
0,95 
1,00 
1,05 

1,10 
1,13 
1,15 
1,17 
1,20 
1,25 
1,30 
1,35 
1,40 
1,45 
1,5 
1,6 
1,7 
1,8 
19 
2,0 
2,1 
2,2 

2,3 
2,4 
2,5 

2,6 
2,7 

2,8 

K 
3,08203 
3,06865 

3,04742 
3,03017 
3,00842 
2,97849 
2,95326 
2,93103 
2,9025 

2,8833 
2,8658 
2,8466 
2,8292 
2,8152 
2,80)7 

2,7908 
2,7786 
2,7646 
2,7524 

2,7402 
2,729? 
2,7175 
2,7070 
2,6965 

2,6861 
2,6791 
2,6756 
2,6721 
2,6669 
2,6564 
2,6477 
2,6389 
2,6302 
2,6215 

2,6128 
2.5953 
2,5796 
2,5639 

2,5482 
2,5342 
25203 
2,5063 
2,4923 

2,4784 
2,4644 
2,4522 

2,4400 
2,4278 

H 
000092 
0,00171 

0,00373 
000629 
0,0110 
O0212 
O0343 
0,0504 

00698 
0,0930 

ai2M 
0,1536 
01920 
0,2356 
0,2845 
03421 
0,4067 
O48O0 
0,5725 
06615 

0,7662 
08779 
09983 
1,1170 
1,2235 
1,2881 
1,3299 
1,3701 
1,4312 
1,5202 
1,5970 
1,6668 
1,7296 
1,7802 

1,8239 
1,9059 
1,9652 
2,0106 

2,0438 
2,0752 
2 0961 
2,1153 

2,1293 
2,1398 

2,1468 
2.1537 
2,1590 

2,1642 

»1 
000022 
000040 
0,00086 
0,00143 
000246 
0,00457 
000711 
0,0100 
O0133 
00170 
0,0209 

O0252 
0,0299 
O0348 
00401 
0,l»54 
00524 
0,0576 
O0646 
0,0698 

O0768 
00838 
0,0908 
00977 
0,1065 
0,1100 
01134 
0,1169 
01222 
01292 
01379 
01466 
0,1553 
01641 

01745 
01937 
02129 

02321 
02531 

02758 
02967 

0,3194 

03403 
0,3630 
0,3857 

04084 

04328 
0,4555 

»2* 

O0O12 
0,0012 

0,0014 

O0016 
0,0017 

00019 

0,0021 
0,0024 

0,0026 

«2 

O00O9 

O00O9 
OOOIO 

O0012 
00012 
O0014 

0,0016 
0,0017 

O0O19 

£|ab. "'^ 

2,9 
3,0 
3,2 
3,4 
3,6 
3,8 
40 
4,2 
44 
46 
4,8 
5,0 
5,2 
5,4 
5,6 
5,8 
6,0 
6,2 
6,4 
66 
6,8 
70 
72 
74 
76 
7,8 
8,0 
8,2 
8,4 
8,6 
8,8 
9,0 
9,2 
9,4 

9,6 
9,8 

lOO 

105 
11,0 
11,5 
12,0 

12,5 
13,0 

13,5 
14,0 
145 
15,0 

«0* 

2,4155 
2,4051 

2,3806 
2,3579 
2,3370 

• 2,3178 
2,2986 
2,2794 
2,2602 
2,2427 

2,2253 

2,2078 
2,1904 
2,1747 

2,1590 
2,1450 

2,1293 
2,1153 
2,1014 
2,0857 
2,0717 

2,0577 
2,0455 

2,0316 
2,0193 
2,0054 

1,9932 
1,9809 
1,9705 
1,9583 
1,9478 
1,9356 
1,9234 
19129 

1,9007 
1,8902 
1,8780 

1,8535 
1,8291 
1,8047 

17802 
1,7593 

1.7383 
1,7174 
1,6965 
1,6755 

1,6546 

s; 
2,1660 
2,1677 

2,1712 
2,1729 

2,1694 
2,1625 
2,1537 

2 1468 

2,1398 
2,1328 
2,1258 
2,1171 
2,1084 

2,0996 
2,0892 
2,0801 
2,0717 
2,0630 

2,0543 

2,0138 
2,0351 

2,0263 

2,0176 
2,0089 
2,0001 

1,9914 
1,9827 
1,9740 
1,9652 
1,9565 
1,9478 
1,9391 
1,9321 
1,9234 

1.9146 
1,9059 
1,8972 

1,8780 
1,8570 
1,8378 
1,8169 
1,7994 
1,7820 

1,7628 
1,7453 
17279 
1,7104 

«i 
0,4782 
0,500) 

0,5428 
0,5847 

06248 
06667 

0,7086 
0,7435 
07767 

08081 
0,8360 

0,8622 
0,8849 

0,9058 
0,9250 

09442 
09617 
0,9774 

0,98% 
1,0001 

1,0105 
1,0210 

1,0280 
1,0350 

1,0420 
1,0472 
1,0507 
1,0559 
1,0594 
1,0612 
1,0629 
1,0647 
1,0647 
1,0647 

1,0647 
1,0629 
1,0629 
1,0612 
1,0577 
1,0507 
1,0402 
1,0297 

1,0193 
1,0071 
0,9966 
0,9861 
0,9756 

'2* 

0,0030 

0,0031 
O0O37 

O0O42 
O0O49 
O0054 
O0D61 
O0O70 
O0077 

O00S4 

O0093 
0,0101 

OOllO 
O0120 

O0131 
0,0141 

O0152 
0,0162 
O0175 
00185 

0,0197 
0,0209 

0,0222 
00236 

0,0248 
00262 
O0279 
0,0297 
O0314 
O0332 
0,0349 
0,0367 
00384 
0,0401 

O0419 
00136 
00454 

O05O6 
00541 

O0593 
00646 
O0698 
0,0750 
0,0803 
00855 
O0908 
0,0960 

«2 

00021 

O0023 
O0O26 

00031 
0,0035 

0,0038 
O0044 
O0O49 

00054 
0.0059 
O0O65 

0,0070 
O0O75 
00082 
00087 

0,0094 

O0103 
0,0108 
O0115 
0,0124 

0,0133 

0,0140 
0,0145 

0,0152 
0,0159 

0,0166 
0,0175 
00183 
O0190 
00197 
0,0206 
0,0215 
O0223 
00234 

00243 
00253 
O0262 

00288 
O0314 
O034O 

O0367 
O0384 
0,0419 

0.O136 
O0454 

0,0)71 
0,04W 



Values of jiL, ?, and 7 w e r e calculated from the Legendre coeff i ­
c ients using a FORTRAN program, MUXIGA. This program is based on the 
equations der ived in Refs . 3 -5 . T h e s e equations are s u m m a r i z e d in 
Appendix C. 

An e l a s t i c scat ter ing Legendre -coe f f i c i en t transformat ion matr ix 
from the c e n t e r - o f - m a s s s y s t e m to the laboratory s y s t e m was computed 
using CHAD. A minor rev i s ion was made in the CHAD code to avoid e l e ­
ments of the matr ix being se t equal to z e r o if they were larger than e lements 
c l o s e r to the diagonal. 

The (n,p) c r o s s sec t ion for 'He is that recommended in the 'He evalu­
ation by J. A l s - N i e l s e n . ^ Extens ion from 10 to 15 MeV was made using 
l inear extrapolat ion on a log a v e r s u s log E s c a l e . 

The total c r o s s s ec t ion is the s u m of the e las t i c scatter ing and (n,p) 
c r o s s s e c t i o n s . 

The f r e e - g a s t h e r m a l scat ter ing law involves a value of 0.7238 barn 
for the f r e e - a t o m scat ter ing c r o s s sec t ion . 

III. GRAPHS AND LISTING 

F i g u r e s 1-8 are graphs of the E N D F / B Fi le 3 data. ' The Fi le 3 data 
are represented by a s e r i e s of pairs of x and y values with an interpolation 
rule applying between s u c c e s s i v e p a i r s . The interpolation rule might specify , 
for example , that log y is l inear in log x between s u c c e s s i v e (x,y) pa i r s . 
In F i g s . 1-8 the axis types have been chosen ^o correspond to the interpola­
tion rule. Thus in F i g s . 1 and 2 a l inear axis is used for the total c r o s s 
sec t ion and a logar i thmic axis is used for the energy, because l inear y v e r s u s 
log X interpolat ion is spec i f ied for this c r o s s sect ion. The total c r o s s sect ion 

10-5 10-1 10-3 10-2 10-1 loO 10' 102 lo' 10'' 
1.1 hiiiiB i i i n nul l H U B HUB HUB IIIIII IIIIB tin 

- r i i J i i i iJ i MiiJ i i i i J i i i i J iiiiii_][iM_iiii 
5 in-'* in-3 in-2 in 

103 10'' 105 10^ 10' 10^ 
I I iifiiii—I iiifiii|—I I ifiini I I iiiii^ I I t i n ' 

113-691 

Fig. 1. Helium Total Cross Section. 
10-5 eV to 1 keV 

113-682 

Fig. 2. Helium Tout Cross Section, 
1 keV to 15 MeV 
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103 lot IQS |O6 IQT IQI 
5 10-'' 10-3 ,0-2 10-' IQO to' 10^ lo' lO'', 

i i i i i i i i iiiiiii i i i i n iiiiiiii iiiiiii iiiini mill) iiiiiii mil 

iiiJ miiJ iiiiiJ I mill iiiiiiJ iiinJ miiJ IIIINI 

113-681 

Fig. 3. Helium Elastic Scattering 
Cross Section 

ID'S iQ-H iQ-J 10-2 10-1 loO lol io2 io3 lo 
ENERCr lEVl 

Fig. 4. Helium (n,p) Cross Section, 
10-5 ev to 1 keV 

10-1 

0-2 

10-3 

0-1 

,0-5 

j j ^ I Q l 1 0 ^ i o 6 1 0 

I I l l l l l l | I I l l l " l | I I I IIIIIII I I I I I I U ' " " ' 1 0 3 l o t l o 5 l o 6 [0^ i o 8 
: " - ^ b I I IIIIIII I I I I I I I IIIIIII I i i l l M 0 . 

'-7l, I iiiiiiil_ I I I Niiiil I 11,mil 
lO '̂ 10^ l o ' lo' 
ENEncr lEvi 

•0.3, I I ll I. ' ' ^ " 1 1 

113-685 

Fig. 5, Helium (n.p) Cross Section, 
1 keV to 15 MeV 

y IT- [7 — - ' • • m i l l . _ i — 

103 to ' ' 105 106 ,o7 
ENEfCT (EV) 

113-696 

Fig. 6. Helium Average Elastic 
Scattering Cosine, u^ 

0.6 

0.5 

0.4 

a3 
0.2 

Oil 

-0.0 

-0.1 

•0.2 

# • 3 

n ' n " ' ' " ' ' 1°^ 10^ 1 0 ' 108 
I I ' i " " i | iii| I iiiiiii | I II I I HUM 0.7 

n.?F, I, I iiiiiiil ,iil . . 
lO-" IQI 1O5 io? 10^ 

ENEflGt (EV] 

l " i " ' 7 " " " M 

„ ! . ° ' 1° ' ' 105 106 l o ' 108 
' ' I ' " i i i | I I llllll| I I llflllj—I I fllllll—I I I mm 0.4 

-•I I i, il, I ' I nil 
l o ' lO^ 105 t o " l o ' iQi lP-2 

113-698 

Fig. 7. Helium Average Logarithmii 
Energy Decrement, ^ 

113-680 

Fig. 8. Helium Greuling-Goertzel 
Parameter, Y 
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and the (n,p) c r o s s sec t ion have been plotted in two energy ranges in 
F i g s . 1 and 2 and F i g s 4 and 5, r e s p e c t i v e l y , in order to d isplay the data 
better . The data in F i g s . 3, 6, 7, and 8 for the e la s t i c scat ter ing c r o s s s e c ­
tion, fJL, ^, and 7 are not plotted below 1 keV because the va lues are a lmost 
constant at low e n e r g i e s . Not all data points are plotted, e spec ia l l y at high 
e n e r g i e s , to avoid clutter on the graphs. 

F i g u r e s 9 -12 display the Legendre coeff ic ients for e las t i c scatter ing 
angular dis tr ibut ions in the c e n t e r - o f - m a s s s y s t e m , fj through f4. The e las t i c 
scat ter ing angular distr ibut ion, d o ( E ) / d n , is g iven by' 

da(E) 
dn 

Os(E) 

47T [Z 
I (2«+ 1) f£(E)P^(/i). (1) 

where the e las t i c scat ter ing c r o s s sec t ion ag(E) is tabulated in E N D F / B 
F i le 3, and the expansion coeff ic ients f£(E) are presented at a s e r i e s of 

10-^ 
0.5 

0.4 

_ 0.3 

; 0.2 

I "•' 
E -0.0 

S -0.1 

\ -0-2 

" -0.4 

1D5 10^ 1 0 ' 10 
I IIIIIIII—I IIIIIIII I miiin I IIIIIII I iiMiiibKi 1 iMui mi—I IIIIIIII I 11111111 I IIIIIII 

— % KHN >OIMH>» 

I LIIMlJ I I I , IlilllJ J I JIIJIlJ I lliui 
I i n J in4 ,n5 IQ6 i n ' 10 10'' lO' lO"* 

ENEHGT IEV1 

113-694 

0.5 

0.4 

0.3 

0.2 

a i 

0.0 

0.1 

0.2 

0.3 

0.4 

Iii 

u. 

s 

0.25 

0.20 

0.15 

0.10 

0.0s 

Fig. 9. Helium Elastic Scattering 
Legendre Coefficient f. 

loS 10' 
I I IIIIIII—I I IIIIIII—I I 111111—I I llfllljcl t tlllll °"25 

113-688 

' . ' " _ I 1 1 " ' 

10^ 1 0 ^ 
ENCItT lEVl 

1D»^ 

Fig. 10. Helium Elastic Scattering 
Legendre Coefficient {^ 

106 
0 .010c-
11.009 

0.006 

0.007 

0.006 

0.005 

0.004 

0.003 

1.002 

S O.XI 

' 0.000 

-O.WI 

^ 0.0 

10" 

-\—I—I f i l l 
10» 

113-702 

Fig. 11. Helium Elastic Scattering 
Legendre Coefficient f3 

113-674 

Fig. 12. Helium Elastic Scattering 
Legendre Coefficient f̂  
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e n e r g i e s in F i l e 4 . In F i g s . 1 3 - 3 1 t h e a n g u l a r d i s t r i b u t i o n s h a v e b e e n c a l c u ­

l a t e d f r o m E q . 1 a t a r e p r e s e n t a t i v e s e q u e n c e of 19 e n e r g i e s . N o t e t h a t t h e 

a n g u l a r d i s t r i b u t i o n s a t t h e e n e r g i e s s h o w n b e l o w 1.2 M e V a r e p e a k e d i n t h e 

b a c k w a r d d i r e c t i o n , a s i s t y p i c a l o n t h e l o w - e n e r g y s i d e of a p - w a v e r e s o ­

n a n c e . A l l g r a p h s w e r e d r a w n w i t h t h e a i d of t h e C D C - 3 6 0 0 c o m p u t e r a n d 

t h e C a l c o m p 580 p l o t t e r . 

T h e h e l i u m d a t a in t h e E N D F / B f o r m a t a r e l i s t e d i n A p p e n d i x D. 

T h e l i s t i n g w i l l n o t b e e x p l a i n e d h e r e s i n c e a l l i n f o r m a t i o n n e c e s s a r y f o r 

u n d e r s t a n d i n g t h e f o r m a t s i n v o l v e d i s in Ref . 8 . 
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Figs. 13-18. Helium Elastic Scattering Angular Distributions 



13 

113-677 

0.4 0.0 -0.4 -d.B 
COS (Twrm 

Fig. 19 

113-697 

Fig. 20 

113-699 

Fig. 21 

1>(00 

1300 

1000 

BOO 

000 

too 

300 

0 6lfc (L^ 

i.ao fcv 

OIQ -OLI -d l * 

113-695 

Fig. 22 

113-684 

Fig. 23 

113-692 

Fig. 24 
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IV. DISCUSSION 

The phase shifts of Ref. 1, which were used in the compilation, a re 
optical-model phase shifts chosen to fit both angular-distribution and polar­
ization data at many energies . The total cross section is also fit within the 
scatter of the experimental points. Because Ref. 1 is recent and considers 
the experimental data comprehensively, the data calculated from the phase 
shifts should be reliable. Another recent set of phase shifts ' is not very 
different from that of Ref. 1 and could also have been used in the present 
work. 

As discussed in Ref. 7, the ^He (n,p) cross section is rather well 
known. Probably more e r ro r is introduced into the (n,p) cross section for 
natural helium by the uncertainty in the ^He isotopic abundance than by the 
uncertainty in the 'He (n,p) cross section itself. 

Previous evaluations of natural helium for reactor calculations in­
clude those of Schmidt'" and of Buckingham et aL""'^ Schmidt's evaluation 
includes the (n,p) cross section for 'He and Og, /Ij^, and a set of phase shifts 
for *He. Buckingham et al_. present separate compilations for 'He and *He. 
For 'He, elast ic , (n,p), (n,d), and (n,2n) cross sections are given, as well as 
elastic angular distributions. The *He evaluation consists of Og and angular 
distributions. 

The (n.p) c ross section of 'He, which was based on Ref. 7, is not very 
different from those of previous evaluations, '" ' '^ as may be seen from 
Table 3 of Ref. 7. 

The values of the elastic scattering cross section are in fairly good 
agreement with those in the other evaluat ions. ' " ' " Schmidt's values '" agree 
with those of the present evaluation at energies below the main resonance 
and are generally a little la rger at higher energies, except for a range on 
the high-energy side of the main resonance. The English va lues" are higher 
than the present values at energies below about 1 MeV and lower at higher 
energies . 

The present values of /I, a re in rather good agreement with those 
shown on Fig. He-3 in Pa r t I of KFK-120'" at energies above approximately 
1 MeV, but do not agree well at lower energies . 
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APPENDIX A 

Equations Relating the Elastic Scattering Cross Section and Legendre 
Expansion Coefficients to the s-, p- , and d-wave Phase Shifts 

The elastic scattering angular distribution, da/dQ, in the center-of-
mass system is given by 

7§ = idal^+N^) = Z C „ P » . (A.l) 
dfi 4k 

where 

| ( i + l ) ( e " " 
OO p ^ 1 

Y |_{ i+l ) (e" '^ - l ) + i (e^^*^-l) | P^(M), (A.2) 

and 

i = o ^ ' ^ 
(A.3) 

Here p. is the cosine of the center-of-mass scattering angle, P»(/i) is the 
Legendre polynomial of order i, and 

P^(^) = (i-^a)'^^ i . p ^ ( ^ ) . 

The quantity k = , / 2 i ; T ^ ^ where E is the energy of relative motion of 
neutron and nucleus in the center-of-mass system, and m is the reduced 
mass. The phase shifts 6+ and 5} refer to j = i + l / z and j = i - l / z re ­
spectively, where j is the angular momentum quantum number referrirlg to 
the addition of the orbital and spin angular momenta. 

n . H H" '•"" '"^'^"g 'he sums in Eqs. A.2 and A.3 by considering only s-, 
P-, and d-wave phase shifts, and using the explicit forms for the Legendre 
polynomials, we obtain J-egenare 

k^Co = sin^ 6+ + 2 sin^ 6+ + sin^ 6,- + 3 sin^ 6+ + 2 sin^ dj , (A.4) 

k^C, = 3 sin^ 6+ + 6 sin^ 6+ + 3 sin^ 6" + ^ sin^ 6+ + 21 sin^ 

- 2 s i n M 6 + - 6 | ) - s inM6+-6 ; ) - ^ s inM6+-6+) 

- 2 s i n M 6 ; - 6 ; ) - . i - 3 i n M 6 | - 6 ; ) , (A.5) 

6 -
2 
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k^Cz = 5 sin^ 6+ + 4 sin^ 6^ + 2 sin^ i ; + -^ sin^ 6+ + " sin^ 6" 

- 2 sin^ (5+ - 6p - T sin^ (6+ - S') - 3 sin^ (6+ - 6+) 

- 2 s i n ^ (6o - * 2 " ) ' (A .6 ) 

k^Cj = 6 sin^ ^^ + ^ 8in^ 6," + ^ sin^ ^t + 1' ^m^ 6^ 

- ^ sin^ i^i-^t^l - T « ' " ' (*t - *z' - ^ s ' " ' (*r - * t ' ' (A-''^ 

k^C* = " sin^ S+ + T « ' " ' *2' - f s''^' (*2 - *2')- ' '^•^' 

Equation 1 gives the angular distribution in the ENDF/B normaliza­
tion. Thus the elastic scattering cross section is a = 47:Coi and the 
Legendre coefficients are given by 

f - ^^ 
^ ( 2 / + l ) C o 

and 



A P P E N D I X B 

L o w - e n e r g y P h a s e Shifts f r o m R e s o n a n c e P a r a m e t e r s 

The p h a s e shift, 6 ^ j . n e a r an i so l a t ed p u r e l y s c a t t e r i n g r e s o n a n c e 
with o rb i t a l angu la r m o m e n t u m i and to ta l a n g u l a r m o m e n t u m J is 

. , / % j P f c _ \ , ( B . l ) 

w h e r e 

with 

U^'i'^ 

tan-'f^^l (B.2) 

F ^ = p]Ap) (B.3) 

and 

' i = -pn^(p)- (B.4) 

The functions i^^(p) and n Ap) a r e s p h e r i c a l B e s s e l functions.*^ The quant i ty 
p is defined by 

p = ka = a -JZrnK/n^ = a ^ " ^ XT\ ^ l a b = "̂  ^ ^ ^ l l b ' 

whe re E is the ene rgy of the r e l a t i ve mot ion of n e u t r o n and t a r g e t in the 
c e n t e r - o f - m a s s s y s t e m , E,^, is the n e u t r o n e n e r g y in the l a b o r a t o r y s y s t e m , 
m = mj^A/(l-f A), with A being the r a t io of the t a r g e t m a s s to the n e u t r o n 
m a s s , m^, and a is the nuc l ea r r a d i u s . The p e n e t r a t i o n and shift f a c t o r s 
a r e 

and 

^l + °1 
(B.5) 

p ( F , / j + G^G-.) 

whe re the p r i m e s ignif ies dUfe ren t i a t ion wi th r e s p e c t to p. The S, in 
Eq. B. l is r e l a t e d to Sg by S^ = Sg - B ^ j , w h e r e B j , j is a b o u n d a r y - c o n d i t i o n 
constant . '* The function R . , is 
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^iJ = E^„^^- E' («• ' ' 

w h e r e 7\^«j is the r e d u c e d width of the r e s o n a n c e , and E^ «j is the a s s o c i a t e d 
e n e r g y e i g e n v a l u e . 

F o r i = 1, the exp l i c i t f o r m s of Fa and G« a r e 

F . = ^ ' " P - P^°'P (B.8) 
P 

and 

G, = cosp+ psinp ^g ĝ  

P 

Us ing E q s . B . 5 - B . 9 in conjunct ion wi th Eq. B. l and the bounda ry 
condi t ion B « j = 0 r e s u l t s in 

,f gpJ \ a p ' 

^ J + *> = t ^ " ' \,l + , 3 p 2 + ( a + ^ - l ) p V " l + ^ p ^ + ( a + i 3 - l ) p * ' t ^ - ' " ' 

w h e r e 

"VliJ 

-XiJ + '>'XiJ 
( B . l l ) 

and 

E ^ , j - A + 1 C^ 

"XiJ " ^ i J 1̂> 
(B.12) 

The p a r a m e t e r s a and fi w e r e d e t e r m i n e d by fitting the l o w - e n e r g y 
p - w a v e p h a s e shi f ts of T a b l e I of Ref. 1 us ing Eq. B.IO and a = 3.0 x 

1 0 ' " c m . The p h a s e shif ts at 0.3 and 
TABLE U. Low-energy Parameters 0 . 4 M e V W e r e fit f o r J = 3 / 2 ; t h o s e a t 0 . 4 

for p-wave Phase Shift, and 0.6 MeV w e r e fit for J = l / 2 . Th i s 

~ ^ S p r o c e d u r e g ives two l i n e a r equa t ions in 
~ a and fi for both J = 3 /2 and J = l / 2 . 

Y/l pg57 I O I M Tab le II p r e s e n t s the so lu t ions of the 
. e q u a t i o n s . 
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APPENDIX C 

Equations for Calculation of ii-,, ^, and y 

Equation 1 gives the angular distribution in the center -of -mass 
system for elastic scattering. The equations for fj.-,, 4, and y, in t e rms of 
the fj expansion coefficients, derived in Refs. 3-5 and used in FORTRAN 
program MUXIGA, are given below. 

The average cosine of the angle of elastic scattering in the labora­
tory system is 

/̂ L = X ^Mh- (C.l) 
1=0 

where 

i 
'^ Zi - 1 

A being the ratio of the mass of the scat terer to the neutron mass . 

The average logarithmic energy decrement in elastic scattering is 

^%?opi-6,„'^-"''^/i (C.3) 

where 

and 

A - ( - i ) ^ 2 i + l ) p!p| J 
P^ p(p-.«)! (p-^i-^l)! (C.4) 

The Greuling-Goertzel parameter , -y, is given by 

00 00 

^=<'P=i+6^,+a6^„ P^ P i ^^-^^ 
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q = i ^ 

(C.6) 

The fj 
t ha t i s , 6» «i 

in Eqs. C.3 and C.5 are Kronecker 6 symbols; 
= 1 for £ = l'. 

J a n d 6fi 

-- 0 lor I f V and 6 
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APPENDIX D 

E N D F / B Listing of Helium 
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